CLOUDS
Holographic measurements of inhomogeneous cloud mixing at the centimeter scale Optical properties and precipitation efficiency of atmospheric clouds are largely determined by turbulent mixing with their environment. When cloud liquid water is reduced upon mixing, droplets may evaporate uniformly across the population or, in the other extreme, a subset of droplets may evaporate completely, leaving the remaining drops unaffected. Here, we use airborne holographic imaging to visualize the spatial structure and droplet size distribution at the smallest turbulent scales, thereby observing their response to entrainment and mixing with clear air. The measurements reveal that turbulent clouds are inhomogeneous, with sharp transitions between cloud and clear air properties persisting to dissipative scales (<1 centimeter). The local droplet size distribution fluctuates strongly in number density but with a nearly unchanging mean droplet diameter.
C louds consist of only e 10 −6 volume fraction of liquid water, yet this trace amount is crucial to the formation of precipitation and the transport of enthalpy, electromagnetic energy in both optical and thermal infrared bands, and even entropy within the atmosphere (1) (2) (3) . To a large extent, the challenge of representing clouds in coarse-resolution weather and climate models is to capture the details of how turbulence transports and dilutes cloud water through mixing with their environment (4) . Mass and energy conservation allows precise calculation of the final liquid water content after a cloud is diluted with clear, subsaturated environmental air. Liquid water content, however, scales as w l e nd 3 , where n is the droplet number density and d is the droplet diameter; due to complex turbulent interactions between droplets and the water vapor and temperature fields, it is by no means obvious to what extent reduction in w l results from relative changes in n and d 3 and how the answer may depend on the size of the averaging volume. For example, do droplets evaporate by uniformly reducing their size across the population, leaving n largely unchanged except through simple dilution, or, in the other extreme, does a subset of droplets evaporate completely, leaving the others in the volume unchanged, i.e., d 3 constant? These two limiting processes, proposed by Baker and Latham more than 30 years ago, are referred to, respectively, as homogeneous and extremely inhomogeneous mixing (5, 6) .
As simple as the posed question sounds, it has been the source of controversy for several decades and has set a high bar for measurements of cloud particle size distributions. At its most basic level, the question is related to the sharpness of cloud boundaries and how droplet size and number density vary along those edges. More specifically, in situ cloud measurements have required averaging over long distances compared to the turbulent scales of a cloud boundary (7) (8) (9) (10) (11) (12) , thereby relying on the questionable assumption of ergodicity when translating to an ensemble view in theoretical or computational models (see the supplementary text) (13, 14) . In this work, we overcame the large-scale spatial averaging problem by using an airborne digital in-line holographic system that images the three-dimensional (3D) structure within ~15-cm 3 cloud volumes and provides size distributions of the e 10 3 droplets contained therein (15) (16) (17) . The approach allows us to probe the response of cloud droplets to turbulent mixing down to the smallest scales where kinetic energy is dissipated by viscosity (~1 to 10 mm). Essentially, it allows us to visualize the sharpness of cloud edges and the changes in droplet diameter near those edges without ambiguities introduced through spatial averaging.
The response to reduction in w l within n − d space is of more than just academic interest because large-scale cloud properties like colloidal stability (18) and optical thickness (19) depend sensitively on both n and d. The magnitude and longevity of the problem are illustrated by Blyth (20) , who in a review of the state of the field 20 years ago went so far as to speculate that without entrainment and turbulent mixing "many problems in cloud physics would have been more-or-less solved." As a specific example, it is arguable that the microphysical response to entrainment directly influences the albedo response of the planet to aerosol perturbations (21). Jeffery (22) provided a scaling argument to demonstrate the importance of mixing for the shortwave optical depth t, which, because the droplets are large compared to the wavelength, scales as t e nd 2 . The response of t to reduction in cloud liquid water content w l e nd 3 by evaporation can be expressed as a susceptibility S t ¼ @lnt=@lnw l . In the homogeneous limit where ð@=@w l Þ h e ð@=@d 3 Þ N , this results in ðS t Þ h ¼ 2=3, and in the extremely inhomogeneous limit where ð@=@w l Þ i e ð@=@N Þ d , the susceptibility is ðS t Þ i ¼ 1. These are comparable to other indirect effect susceptibilities (see the supplementary text) (23) and suggest that the nature of mixing, and its representation in models, has a leading-order effect on the optical properties of clouds. Thermal infrared properties may be even more strongly influenced because of the absorption near cloud edge, where the imprint of mixing is most prominent (19) . Figure 1 (left panel) illustrates typical empirical evidence supporting the notion of inhomogeneous mixing at the macro scale, with w l varying nearly continuously between zero and the maximum for the undiluted cumulus cloud, but with d jumping sharply from zero to a nearly constant value. The implication is that cloud dilution occurs primarily through reductions in the number density n. The lingering question, however, is whether this is rather an artifact of the measurement method, by which individual droplets are counted and sized as they cross a narrowly focused laser beam. To obtain a statistically robust estimate of the mean diameter, between 10 and 100 m of flight path must be traversed. Figure 1 (right panel) depicts the resulting dilemma: Suppose at cloud edge, there are filaments of undiluted cloud and homogeneously mixed cloud, in which droplet diameter has decreased in proportion with the mass fraction of entrained clear, dry air. The averaging instrument obtains an accurate measure of the reduction in n due to entrainment and mixing but measures a d that is strongly biased toward the value in the undiluted cloud (i.e., the great majority of droplets sampled are from undiluted cloud regions). It therefore remains unknown at what scale inhomogeneous mixing actually occurs or to what extent homogeneous mixing is masked by instrument sampling artifacts. To a large degree, this measurement challenge has motivated important new developments in cloud physics instrumentation over the course of at least two decades: for example, the use of high-speed optical counters that reveal the fine-scale spatial statistics of clouds (8) (9) (10) (24) (25) (26) or optical methods for estimating droplet effective radius and liquid water content on 10-cm scales (27, 28) . Most of these measurements have indicated a prevalence of inhomogeneous mixing. As pointed out by Burnet and Brenguier (9), however, these advances have still left the fundamental ambiguity as to whether the apparently inhomogeneous signature is real or an artifact of instrument averaging. The problem calls for an instrument capable not only of measuring locations of droplets on small scales but also of directly measuring the full droplet size distribution on those same scales.
We have developed an approach based on holographic imaging of cloud droplets within discrete volumes, which allows us to overcome the need for spatial averaging and the associated assumptions regarding statistical homogeneity and ergodicity (see the supplementary text). Individual in-line holograms encode the size and 3D position of an ensemble of hydrometeors in a localized volume illuminated by coherent light. That information is later extracted through digital reconstruction. The Holographic Detector for Clouds (HOLODEC) is an airborne instrument that takes snapshot holograms of all resolved particles in an approximately 15-cm 3 volume (15) (16) (17) . The important result is that holography allows statistically robust cloud droplet size distributions to be determined for each hologram (or even for subvolumes within a hologram). The sampling strategy is in contrast to that of single-particle light-scattering techniques, which often require averaging over 10 to 100 m to build up a similar number of droplets for a statistically robust estimate of the size distribution. Digital holography provides a well-defined sample volume with particle size and 3D position recorded without coincidence effects. Thus, HOLODEC provides accurate (both in terms of single droplet measurement and in terms of statistical sampling) droplet size distributions representative of "local" (i.e., centimeter-scale), microphysical conditions relevant to diffusion growth and mixing.
We have used the HOLODEC instrument to investigate the variability of liquid water content and droplet size distribution on centimeter scales relevant to microphysical response to turbulent mixing. The data used in this study come from convective clouds sampled during two stages of the Instrument Development and Education in Airborne Science (IDEAS) field project (15) . Figure 1 (left panel) is taken from a single cloud pass during IDEAS-2012 and illustrates the highly variable conditions on 20-m scales and above. Other cloud passes from both field projects exhibit qualitatively similar behavior. The holograms recorded provide an unprecedented view of the 3D distributions of cloud droplets at centimeterto-micrometer scales within the cloud and the size distributions that result from droplets sampled on that scale. Figure 2 shows sample volumes typical for undilute (top) and dilute (middle and bottom) cloud regions. The dilute holograms are sometimes observed to be homogeneous in their spatial structure (middle) but sometimes are quite striking in their filamentary structure (bottom). The corresponding size distributions suggest that large drops remain within the clustered holograms, whereas more uniform evaporation has occurred within the homogeneous volumes. The filamented holograms provide direct and striking evidence for the persistence of sharp edges down to centimeter scales, consistent with turbulent scaling arguments (6, 11) . For the observed turbulent conditions in these clouds, a transition scale below which homogeneous mixing should predominate is predicted to be on the order of several centimeters (10) .
The spatial distributions in Fig. 2 suggest that highly inhomogeneous mixing exists, so we consider to what extent this pervades the cloud. In Fig. 3 , we look at the centimeter-scale size distributions across the entire two-cloud traverses by plotting the two variables contributing to liquid water content, n and d 3 (7, 9) . Each point on the plot represents n and d 3 derived from counting and sizing droplets in a single hologram-i.e., in ã 15-cm 3 volume with maximum dimension~10 cm. The values are normalized by the corresponding averages of the 10 holograms with the highest droplet number density (i.e., n 0 and d 1) . The curved dashed line is the theoretical prediction for homogeneous mixing, and the horizontal solid line is the prediction for the extremely inhomogeneous mixing limit. The homogeneous mixing line is calculated based on measurements of temperature and water vapor concentration in the environment outside the cloud and in undiluted regions of cloud (15) . For that calculation, total water content (vapor plus liquid) and liquid-water potential temperature are assumed to be conserved scalars during mixing (9, 28) . For both clouds, the holograms display d 3 =d 3 0 ≈ 1, confirming that inhomogeneous mixing persists down to centimeter scales, the dissipative scale of turbulence. The points in the second example do show a tendency to drop away from the inhomogeneous mixing line at maximum dilution, and this may be evidence for mixing with preconditioned air-e.g., a subsiding shell (30) . For example, the points in the bottom panel are bounded by a homogeneous mixing line consistent with a mixture of approximately 10% environmental air and 90% saturated cloud air. droplets are assumed to evaporate in a uniformly and thoroughly mixed volume. Results from passes through the two clouds previously described are shown to illustrate that the trends are quite general. The data points in both examples show striking agreement with the inhomogeneous hypothesis, confirming for the first time from direct measurements of the droplet size distribution in localized volumes that clouds indeed have sharp edges down to centimeter scales. Apparently, even when the edges, which represent the signature of transient mixing events, eventually diffuse away, they do so after sufficient evaporation occurs that the majority of remaining droplets have relatively undisturbed diameter.
The holographic measurements show that turbulent clouds are inhomogeneous, with sharp transitions between cloud and clear-air properties persisting to dissipative scales (1 to 10 mm). As a result, the droplet size distribution fluctuates strongly in number density but with a nearly unchanging mean droplet diameter, down to the smallest turbulent scales. This 3D view of the cloud structure has several implications, including motivation for including the effects of microphysical mixing in subgrid-scale representation of entrainment in cloud models (13, 14, 29) . This in turn will influence the modeled optical and dynamical cloud properties, along with their role in weather and climate (see the supplementary text). For example, the predominance of inhomogeneous mixing suggests that the optical depth susceptibility S t ¼ @lnt=@lnw l is closest to its maximum possible value of 1. The observations also add further plausibility to the hypothesis that mixing and the resulting evaporation can lead ultimately to enhanced droplet growth (18) : Inhomogeneous response to mixing leaves droplets of the same diameter as in the undiluted regions of cloud but with considerably reduced competition for excess water vapor. Perhaps, however, the qualitative picture of clouds having sharp edges down to the centimeter scale is the most vivid impression to be taken from the work. The fossil record contains exemplars of extreme biodiversity crises. Here, we examined the stability of terrestrial paleocommunities from South Africa during Earth's most severe mass extinction, the Permian-Triassic. We show that stability depended critically on functional diversity and patterns of guild interaction, regardless of species richness. Paleocommunities exhibited less transient instability-relative to model communities with alternative community organization-and significantly greater probabilities of being locally stable during the mass extinction. Functional patterns that have evolved during an ecosystem's history support significantly more stable communities than hypothetical alternatives.
A ccelerating rates of extinction will have negative impacts on Earth's ecosystems and human well-being (1), but they have no modern precedents, and ecosystem responses are uncertain (2) . The Earth's history, however, has recorded episodes of extreme biodiversity loss. Here, we use the most severe of those events, the Permian-Triassic mass extinction (PTME), to examine how the short-term stability of ecological communities may vary as their functional structures are altered by extinction. We modeled paleocommunity stability as local stability (3), and transient dynamics after perturbation (4). Both measures describe paleocommunity dynamics when species populations are perturbed. Paleocommunity structures were determined by species richnesses, species partitioning among functional groups or trophic guilds, and the distribution of interspecific trophic interactions (Fig. 1A) . We examined the relationships between these parameters and stability by comparing paleocommunity food webs to hypothetical alternatives, wherein species richness, the number of trophic interactions, and average interaction strength were held constant as we varied patterns of functional partitioning and trophic interaction distributions (Fig. 1, B to F) . We thus characterized paleocommunity stability before, during, and after the mass extinction.
We assembled paleocommunity data for the Middle Permian to Middle Triassic terrestrial ecosystems of the Beaufort Group in the Karoo Basin of South Africa (5) (Fig. 2) . Only four tetrapod genera of over 50 are known to have crossed the Permian-Triassic boundary (PTB) (6) (7) (8) , and richness remained low in the Early Triassic (9) . Our paleocommunities include the Permian Pristerognathus, Tropidostoma, Cistecephalus, and Dicynodon assemblage zones, and the Triassic Lystrosaurus and Cynognathus assemblage zones (table S1) . We used a two-pulsed extinction (10) to reconstruct three communities from the Dicynodon 
